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Introduction
============

Exposure to environmental toxicants, particularly compounds those that tend to interfere with development, has been under careful scientific scrutiny in recent years. More than a thousand chemicals in everyday use are classified as endocrine disrupting compounds (EDC)[@B0]. Periods of rapid growth and development, which include embryonic, infant and childhood stages, have been noted to be particularly vulnerable to the deleterious effects to even low-dose EDC. Their effect have been shown to cause reproductive and neurodevelopmental disorders[@B1]. Per the US Environmental Protection Agency and US National Toxicology Program panel guidelines, a low dose may be defined as any dose below the level of one that has been reported to cause an observable biological change or damage[@B2]. Besides low-dose effects of individual EDCs, mixtures of various EDCs found at low concentrations in the environment have the potential to cause substantive cumulative effects[@B3].

Bisphenol A (BPA or 4,4\'-(propane-2,2-diyl)) is a polymerizing agent found in commonly used items such as water bottles, store receipts, dental sealants, and the linings of beverage and food cans[@B4]. Due to its structural similarity to 17-β Estradiol (E~2~) and its affinity to the ERα and ERβ estrogen receptors, BPA has been classified as an endocrine disrupting chemical (EDC)[@B4][@B5].Although weaker, BPA\'s affinity to estrogen receptors has been shown to affect the reproduction system of both sexes and disrupt neural functions at doses that are considered safe[@B6][@B7]. Changes in DNA methylation via epigenetically regulated mechanisms have been observed to cause long-term neuronal defects in mice exposed to BPA[@B8]. Specifically, BPA has also been implicated as a possible culprit for increased rates of hyperactivity, attention deficiency and increased sensitivity to drugs due to an increase seen in D1 dopamine receptors in the mouse limbic forebrain after chronic exposure[@B8][@B9]. Significant evidence on the deleterious effects of EDCs on human health is based on correlation studies focusing mainly on chronic exposure of populations to environmental toxicants even at low doses[@B4]; however, limitations in inferences from human studies and in manipulating experimental controls have been accepted while addressing criticisms of unsubstantiated hype[@B10][@B11].

Due to the conservation of *Caenorhabditis elegans\'*genes with respect to mammals\', including its steroid hormone-receptor genes, researchers have utilized this genetically tractable lab model to unravel the functional and mechanistic effects of EDCs[@B12]. Experiments with *C. elegans*have shown that these compounds such as BPA and BPS can cause apoptosis, embryonic lethality, disruption in the double-stranded DNA break repair mechanisms and neural function[@B13][@B14][@B15].

Our lab has previously shown that even low-dose exposure limited to early embryogenesis leads to lowered fecundity with behavioral deficits in the surviving adults[@B14]. Habituation to a repeated stimulus is a form of non-associative learning in model systems, including *C. elegans*, and our methodology uses this form of non-associative learning as a behavioral output to assay the long-term effects of embryonic exposure to the toxicants[@B16] Specifically, we provide detailed protocols for studying BPA exposure on *C. elegans*, including its immediate effects on embryonic lethality and long-term effects on adult behavior, with an overall schematic depicted in [Figure 1](#F1){ref-type="fig"}. Representative results from fecundity and non-associative learning assays are provided to highlight the effectiveness of our methodology.

Protocol
========

Protocols given below have been standardized to test the effects of BPA exposure during early embryogenesis, and may be modified for use with BPS, BPF or other EDCs and toxicants on *C. elegans*embryos.

1. Material Setup
-----------------

1.  Prepare 500 mL of Nematode Growth Media (NGM)[@B17] media by dissolving 1.5 g of NaCl, 1.25 g of peptone, and 8.5 g of agar in water to 500 mL. After autoclaving (121 °C, 15 PSI, 20 min), add 0.5 mL of cholesterol (5 mg/mL in ethanol), 0.5 mL of 1 M MgSO~4~, 0.5 mL of 1 M CaCl~2~ and 12.5 mL of 1 M potassium phosphate buffer, pH 7.4 (108.3 g of KH~2~PO~4~, 35.6 g of K~2~HPO~4~, water to 1 L).

2.  Prepare hypochlorite solution by mixing 25 mL of 1 N KOH, 4 mL of bleach, and 71 mL of water. Make this solution fresh.

3.  Prepare M9 Buffer by mixing 3 g of KH~2~PO~4~, 6 g of Na~2~HPO~4~, 5 g of NaCl, 5 mL of 1 M of MgSO~4~, and water to 1 L.

4.  Prepare S Buffer[@B17] by mixing 129 mL of 0.02 M K~2~HPO~4~, 871 mL of KH~2~PO~4~, and 5.85 g of NaCl.

5.  Sterilize M9 and S buffers by autoclaving.

6.  Grow an overnight culture of Escherichia coli (OP 50 strain) in 20 mL of Luria Broth (LB).

7.  Dissolve BPA in 10% ethanol to make a 1 mM stock solution. Make subsequent dilutions of 0.1 µM, 0.5 µM, 1 µM, 5 µM and 10 µM in S buffer. NOTE: Dilution in the aqueous S buffer greatly reduces the concentration of ethanol; for example, at the highest BPA concentration described in this protocol (10 µM), the concentration of ethanol is 0.1% v/v.

2. *C. elegans* Culturing and Synchronization
---------------------------------------------

1.  Pour the NGM media into 100 mm plates (about 25 mL/plate) and allow it to solidify. Once solidified, seed the plates by spreading 150 µL of *E. coli* OP50 from the liquid culture grown overnight. Incubate plates at 37 °C overnight.

2.  The next day, transfer N2 worms onto the new plates by chunking an approximate slab of 1 cm square. Allow worms to grow for 3 days at 20 °C until the plate is populated with well-fed mature adults containing visible embryos.

3.  To synchronize, wash each plate by pipetting up to 5 mL of M9 buffer across the plate. Transfer the liquid to a sterile 15 mL conical centrifuge tube. NOTE: Synchronization is done to kill adult worms and collect embryos that are relatively the same stage.

4.  Centrifuge at 3,000 x g for 4 min at room temperature in order to obtain a loose pellet of adult worms.

5.  Using a 10 mL pipette, carefully remove the supernatant so as to leave the pellet intact. Add 5 mL of the hypochlorite solution and gently mix.

6.  Centrifuge at 3,000 x *g* at room temperature for 4 minutes.

7.  Remove supernatant with a 10 mL pipette and wash with 7 mL of M9 buffer. Repeat this step twice.

3. Exposing Worms to BPA
------------------------

1.  After the last wash from step 2.7 above, suspend about 100 µL of eggs with M9 buffer. Transfer about 50 µL of eggs to 2 mL microfuge tubes already containing the appropriate concentration BPA diluted in S buffer. Adjust the amount of S-buffer to ensure the correct final concentration of BPA (0.0 µM, 0.1 µM, 0.5 µM, 1.0 µM, 5.0 µM and 10 µM) per tube. Table 1 illustrates one way to make these dilutions.

  --------------------------------- ------------------------ -------------- ------------------------
  **For Final BPA Concentration**   **Stock BPA (100 μM)**   **S Buffer**   **Synchronized Worms**
  0.1 μM                            1 μL                     949 μL         50 μL
  0.5 μM                            5 μL                     945 μL         50 μL
  1 μM                              10 μL                    940 μL         50 μL
  5 μM                              50 μL                    900 μL         50 μL
  10 μM                             100 μL                   850 μL         50 μL
  --------------------------------- ------------------------ -------------- ------------------------

**Table 1: Stock BPA, S buffer and synchronized worms used to attain the desired concentrations used for our study.**

1.  Place tubes on a shaker and gently shake for 4 h at 20°C, at 25 rpm for a rotary shaker or 25 tilts/min for a rocking shaker.

2.  After 4 h, place tubes in tube holders and allow worms to settle.

3.  Discard supernatant and transfer worms to seeded plates (NGM plates with OP50 *E. coli*). Make the liquid OP50 *E. coli* culture as stated in 1.5 and seed the plates as stated in 2.1.

4.  Let the worms grow for 60 h in 20 °C. Examine plates every day for contamination. Contaminated NGM plates are usually discolored and accompanied by individual colonies. Check worms under the microscope for overcrowding. A lack of OP50 *E. coli*lawn and concentrated worms in small spots signify overcrowding.

4. Anterior Touch Habituation Assay
-----------------------------------

1.  Transfer approximately 10 synchronized young adult worms to new unseeded NGM plates using a fire-sterilized 30 G platinum wire pick. Leave worms undisturbed for 5 min to allow them time to acclimatize to the new plate.

2.  For the habituation response, use an eyebrow hair attached to the end of a wooden skewer or toothpick, and sterilize by dipping in 70% ethanol. Wipe with a clean lint-free tissue and wait for 1 min for ethanol to evaporate off. Gently touch the worm on the head (anterior of the pharyngeal bulb) using the eyebrow hair. Repeat the touches, allowing 10 s in between touches in order to allow the worm to recover.

3.  Continue to touch (allowing 10 s interstimulus intervals) until the worm no longer moves backwards. At this point, the worm has habituated to the stimulus. Record the number of touches required for the worm to habituate.

4.  Analyze the difference between the mean habituation rates of the treated and untreated controls using one-way ANOVA followed by Tukey\'s post hoc test.

5. Worm Fecundity Assay
-----------------------

1.  Transfer individual L3 worms to a fresh and seeded plate using a platinum pick. Make sure that only one worm is placed per plate. NOTE: After the L3 larval stage, worms develop into L4 larval stage and adulthood. Picking them early is convenient in that they are large enough for the transfer of individual animals while ensuring that they have not already laid any eggs which otherwise would be missed in the count.

2.  Count the numbers of eggs laid every 12--24 h. After counting, transfer the parent worm to a new plate. Repeat until the worm stops laying eggs, typically after 5 days when incubated at 20 °C. NOTE: On average, a wild type worm can lay up to 300 eggs; therefore, transferring the parent to a new plate daily prevents overcrowding.

3.  Analyze the difference between the average number of eggs laid by the treated and untreated controls using one-way ANOVA followed by Tukey\'s post hoc test.

Representative Results
======================

Earlier studies with *C. elegans* have reported that continual exposure to high BPA concentrations (≥1 mM) throughout embryo development and adulthood decreases fecundity[@B13]. Subsequent studies reported from our lab have shown that embryos that have been exposed to BPA for a limited period of 4 h in the beginning stages of their development showed a decrease in the number of viable eggs laid as adults[@B14] ([Figure 2](#F2){ref-type="fig"}). Two key features of the methodology were that (i) the BPA concentrations used were significantly lower (0.1 µM to 10 µM range) and (ii) the exposure was limited to the early embryonic period. Besides decreased fecundity even at lower doses, our habituation assays revealed that worms exposed to BPA as embryos required more stimuli to become habituated when compared to worms exposed to vehicle alone[@B14] ([Figure 3](#F3){ref-type="fig"}). These effects are noteworthy in that they are based on low-dose BPA exposure, following the rationale that subtler effects on neuronal function that may not be morphologically apparent are likely to be discernible through behavioral changes. In short, the representative results presented here underscore the fact that the detrimental effects of BPA exposure to an embryo impacts its development, including neuronal function that can be assessed through adult behavioral assays in *C. elegans*. Protocols provided here can be used for testing low-dose as well as long-term effects of other potential toxicants including endocrine disruptive compounds.

**Figure 1: Schematic representation of the experimental design.** Mature worms were collected and exposed to hypochlorite solution in order to collect synchronized embryos. The embryos were then exposed to different concentrations of BPA for 4 h. The exposed embryos were transferred onto seeded NGM plates, where they were allowed to grow for 60 h at 20 °C. In order to test the effectiveness of exposure during the early stages of development, the L4 worms were transferred to individual plates and tested for fecundity, and young adults were tested with anterior touch habituation. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/56771/56771fig1large.jpg)

**Figure 2: Fecundity is lowered by BPA.** Exposure to 1 µM and higher concentrations of BPA significantly decreased the number of eggs laid compared to the control (represented by the horizontal line; *n* = 10, \**p* \<0.05). Error bars denote SEM. Analysis done using ANOVA, Tukey\'s post hoc test. This figure has been modified from Mersha *et al.,* 2015[@B14]. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/56771/56771fig2large.jpg)

**Figure 3: Long-term effects of embryonic BPA exposure are reflected in adult behavior.** Embryos exposed to BPA concentrations as low as 0.1 µM affects non-associative anterior touch habituation in adults (*n* = 60, \**p* \<0.05). Error bars denote SEM; ANOVA, Tukey\'s post hoc test. This figure has been modified from Mersha *et al.,* 2015[@B14]. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/56771/56771fig3large.jpg)

Discussion
==========

Phases of rapid growth and development such as embryogenesis are particularly vulnerable to the detrimental effects of various endocrine-disrupting compounds, including BPA. We provide detailed protocols for studying the effects of exposure to BPA or other toxicants in the *C. elegans* invertebrate model, which allows convenient titration of a range of concentrations to assess its effect on embryo viability ([Figure 2](#F2){ref-type="fig"}). Follow up behavioral experiments on surviving adults that develop from embryos that were exposed to low doses of BPA allow assaying long-term effects on neuronal function ([Figure 3](#F3){ref-type="fig"}). The central idea of this paper is to provide detailed protocols for exposing embryos to various toxicants during the early embryogenesis period in the *C. elegans* model; the first 4 h window of its 11.5 hour embryonic development period (at 20 °C) corresponds to the proliferation period, which is followed by organogenesis. Towards this end, we have provided validation of the end points through fecundity and non-associative learning assays. While the mechanistic basis of the action of BPA and other bisphenols is the holy grail towards which research in this field is aimed, we have not attempt to offer a mechanistic explanation for the action of BPA in this methodology focused article. However, we would like to point out that the *C. elegans* model offers an ideal system to further dissect the mechanism of action. For example, in future work on deciphering mechanisms of BPA action, *C. elegans* mutants can be generated and screened for a resistance to the effects of BPA and thus pave the way for deciphering the pathway. Additionally, our companion paper deals with the effect of BPA at the neural network synchrony level in vertebrates, providing another avenue to understand the basis for investigating potential mechanisms for toxicant effects[@B18].

In the methodology detailed in this paper, some of the critical steps that should be executed extra carefully include the following: Choosing a plate with well-fed *C. elegans* adults with mature eggs visible under the dissection microscope is crucial, and failing to follow this step will result in an insufficient sample size of embryos for the EDC exposure experiment. It is also important to make sure that the hypochlorite solution is made fresh to avoid obtaining an unsynchronized population that will interfere with the ability to perform BPA exposure during early embryogenesis. Washing pellets with M9 (after hypochlorite exposure) is also a very important step. If not done properly, the high concentration of bleach might result in dead embryos. Additionally, embryos should be transferred to seeded NGM plates after 4 h. If left in the BPA solution for an extended period of time, the embryos are likely to develop into the long-lived dauer larvae. This will significantly interfere with both fecundity assay and behavioral assays. If any of these steps is missed, it is advisable to start the procedure from the very beginning. If for any reason, the NGM plate with worms is contaminated or does not have enough food, it will add stress on the worms thereby skewing the data collected. Such plates should be discarded and not be used in the experiment.

Previously, a remarkable study successfully used the *C. elegans* model to demonstrate that chromosome abnormalities caused by BPA result due to the breakdown of DNA repair machinery in the germline[@B13]. However, it is noteworthy that the above study design had used continuous BPA exposure of C. *elegans* to high doses of BPA throughout its lifespan. Our methodology was designed to study low doses of BPA exposure during early embryogenesis, so as to assay its effects on embryonic viability and subtler long-term effects on the survivors. To our knowledge, no methodology has been developed to expose early stage embryos to very low doses of BPA limited to a specified period of time; thus, making the method presented here novel.

In addition, protocols provided here can be easily adapted to study the effects of other EDCs during the proliferation phase of embryogenesis. However, in order to study late embryonic stages, the protocol will require key modifications to the critical time window of development under focus. Furthermore, our protocol will not be suitable for experiments requiring longer times of toxicant exposure, as it opens up the possibility of the alternate development pathway resulting in the long-lived dauer arrest at the second molting cycle, which is resistant to harsh conditions[@B19]. Further modifications and refinements will be needed for longer exposure times through supplement with a food source that does not have potential to metabolize the toxicant or EDC *e.g.* autoclaved *E. coli*. In conclusion, our methodology can be utilized to assess the effects of various endocrine disrupting chemicals on the fecundity and on neuronal function in the invertebrate model system *C. elegans.*
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